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What is the mass & lifetime of a neutrino?



From Planck 2018 data
X

m⌫ < 0.24 eV
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The best bound on neutrino mass comes from cosmology

This assumes neutrinos are stable particles

(~0.12 eV if including BAO)



Neutrinos may not be as stable as predicted in the SM  
e.g., models explain the tiny neutrino mass
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dark radiation 
(e.g., Majoron)

Can we measure the lifetime of neutrinos?
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supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)
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How stable are SM neutrinos? 

e.g., Frieman et al (1988)

e.g., Archidiacono and Hannestad (2014) 
Escudero and Fairbairn (2019)
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supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)

• can we improve the bounds? 
• can we probe neutrino decay?

⌧ > 10�14 sec
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neutrino mass / lifetime are very hard to measure 

How stable are SM neutrinos? 
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supernovae

long-based line experiments

CMB (neutrinos need to free stream)

Existing bounds on neutrino lifetime are very weak 
(for decay into invisible particles)
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How stable are SM neutrinos? 

near future data 
(e.g., Euclid, CMB-S4)⇠ 10 billion yrs
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see also Serpico (2007)
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galaxy distribution is determined  
by cold dark matter distribution

Data: Large Scale Structure

SDSS

�N
galaxy

N
galaxy

/ �⇢
cdm

⇢
cdm

<latexit sha1_base64="kUiO8T1cTel0MDVqnC03iY/e6mQ="></latexit>

density fluctuation is larger than 
CMB fluctuation
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= cold DM = baryons (H, He, e…)
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matter radiation 
equilibrium ~when         dominate
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Structure formation
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= cold DM = baryons (H, He, e…)
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matter radiation 
equilibrium
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Adding massive neutrinos 
=> increase Hubble expansion => shorten      �t

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= massive Nu
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larger          =>  smaller density perturbationm⌫
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k (hMpc�1)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Large Scale 
Structure

 larger ->  smaller size structure 

P
(k
)
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>~ 
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current measurements have 
about 10% level precision

Large Scale Structure data is sensitive to
the sum of neutrino mass

P (k) ⇠ k�3�m(k)2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(schematic)

Tegmark et al. (2004)



Much better data will come within a decade!

LSST (~2023) Euclid (~2021) DESI (~2020) 

CMB-S4 (202?)

will be sensitive to ~ 0.1 - 1%
change in matter power spectrum



Ratio of perturbation                           in redshift

 
�m⌫
cdm

� 6m⌫

cdm

!

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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m⌫ = 60meV
<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

Solid: full numerical

stable neutrino

m
⌫
>

p ⌫
(>

80
%
)

<latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit>

 neutrinos become  
non-relativistic

CC-dominates 

       T⌫ > m⌫
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�cdm =
�⇢cdm
⇢cdm

<latexit sha1_base64="fGqMSvFQEjt91mKKgi4Mo5TDV/U=">AAACJXicjVDLSgMxFM3UV62vUZdugkVwVWaqoAuFohuXFewDOsOQyWTa0GQyJBmhDPMzbvwVNy4sIrjyV0wfoBYFD1w4Oedebu4JU0aVdpx3q7S0vLK6Vl6vbGxube/Yu3ttJTKJSQsLJmQ3RIowmpCWppqRbioJ4iEjnXB4PfE790QqKpI7PUqJz1E/oTHFSBspsC+8iDCNgtyTHOKIF5deLBHOZ7InB+LLKvKFd2BX3ZozBfybVMEczcAee5HAGSeJxgwp1XOdVPs5kppiRoqKlymSIjxEfdIzNEGcKD+fXlnAI6NEMBbSVKLhVP0+kSOu1IiHppMjPVCL3kT8zetlOj73c5qkmSYJni2KMwa1gJPIYEQlwZqNDEFYUvNXiAfIpKRNsJX/hdCu19yTWv32tNq4msdRBgfgEBwDF5yBBrgBTdACGDyAJ/ACxtaj9Wy9Wm+z1pI1n9kHP2B9fAJBfKb3</latexit>



What if neutrino decays into dark radiation? 



�⌫ = 104 km/s/Mpc
<latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit>

�⌫ = 103 km/s/Mpc
<latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit>

m⌫ = 60meV
<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

Solid: full numerical
Dashed: our approx.

stable neutrino

m
⌫
>

p ⌫
(>

80
%
)

<latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit>

�
⌫
=

H
<latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit> �
⌫
=

H
<latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit>

km/s/Mpc ⇡ (103 Gyrs)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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Ratio of perturbation                           in redshift�cdm =
�⇢cdm
⇢cdm

<latexit sha1_base64="fGqMSvFQEjt91mKKgi4Mo5TDV/U=">AAACJXicjVDLSgMxFM3UV62vUZdugkVwVWaqoAuFohuXFewDOsOQyWTa0GQyJBmhDPMzbvwVNy4sIrjyV0wfoBYFD1w4Oedebu4JU0aVdpx3q7S0vLK6Vl6vbGxube/Yu3ttJTKJSQsLJmQ3RIowmpCWppqRbioJ4iEjnXB4PfE790QqKpI7PUqJz1E/oTHFSBspsC+8iDCNgtyTHOKIF5deLBHOZ7InB+LLKvKFd2BX3ZozBfybVMEczcAee5HAGSeJxgwp1XOdVPs5kppiRoqKlymSIjxEfdIzNEGcKD+fXlnAI6NEMBbSVKLhVP0+kSOu1IiHppMjPVCL3kT8zetlOj73c5qkmSYJni2KMwa1gJPIYEQlwZqNDEFYUvNXiAfIpKRNsJX/hdCu19yTWv32tNq4msdRBgfgEBwDF5yBBrgBTdACGDyAJ/ACxtaj9Wy9Wm+z1pI1n9kHP2B9fAJBfKb3</latexit>



Analytical approximation

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�⌫ = 104 km/s/Mpc
<latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit><latexit sha1_base64="OI2AgrQQUaoEO1uQTSBCvdxCuuo=">AAACCnicbVDLSgMxFM3UV62vqks30SK4kHamLehGKLrQjVDBPqAzDpk0bUOTzJBkhDJ07cZfceNCEbd+gTv/xvQFaj1w4XDOvdx7TxAxqrRtf1mphcWl5ZX0amZtfWNzK7u9U1dhLDGp4ZCFshkgRRgVpKapZqQZSYJ4wEgj6F+M/MY9kYqG4lYPIuJx1BW0QzHSRvKz++4l4hz5iSvi4Zlj35Xd48SVHPZ5QRWuIzz0szk7b48BDSmVysUSdGbKjOTAFFU/++m2QxxzIjRmSKmWY0faS5DUFDMyzLixIhHCfdQlLUMF4kR5yfiVITw0Sht2QmlKaDhWf04kiCs14IHp5Ej31F9vJP7ntWLdOfUSKqJYE4EnizoxgzqEo1xgm0qCNRsYgrCk5laIe0girE16GRPC3MvzpF7MO07euSnnKufTONJgDxyAI+CAE1ABV6AKagCDB/AEXsCr9Wg9W2/W+6Q1ZU1ndsEvWB/fzHWZrw==</latexit>

�⌫ = 103 km/s/Mpc
<latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit><latexit sha1_base64="U860HIZm8+iwuHEZVh5ZDDukqFM="></latexit>

m⌫ = 60meV
<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

Solid: full numerical
Dashed: our approx.

stable neutrino

m
⌫
>

p ⌫
(>

80
%
)

<latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit><latexit sha1_base64="MHZI5fUKaO77LrFcLE/11JmjuzQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CJZCBSkzIthVKbpxWcE+oDMMmTRtQ5PMkGSEMnTjxl9x40IRt/6DO//GTDsLrZ4Q7uGce0nuCWNGlXacL6uwsrq2vlHcLG1t7+zu2fsHHRUlEpM2jlgkeyFShFFB2ppqRnqxJIiHjHTDyXXmd++JVDQSd3oaE5+jkaBDipE2UmAf8yD1RDJrxIvqnWWn2qg7XuU0sMtOzZkD/iVuTsogRyuwP71BhBNOhMYMKdV3nVj7KZKaYkZmJS9RJEZ4gkakb6hAnCg/nW8xgxWjDOAwkuYKDefqz4kUcaWmPDSdHOmxWvYy8T+vn+hh3U+piBNNBF48NEwY1BHMIoEDKgnWbGoIwpKav0I8RhJhbYIrmRDc5ZX/ks55zXVr7u1FuXmVx1EER+AEVIELLkET3IAWaAMMHsATeAGv1qP1bL1Z74vWgpXPHIJfsD6+AUqClxs=</latexit>

�
⌫
=

H
<latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit><latexit sha1_base64="DF/0rTPcxAWRy9pA5bBJ9LPdYnM=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqey2Bb0IRQ/2WMHWQncts2nahibZJckqZen/8OJBEa/+F2/+G9MvUOuDgcd7M8zMC2POtHHdLyezsrq2vpHdzG1t7+zu5fcPmjpKFKENEvFItULQlDNJG4YZTluxoiBCTu/C4dXEv3ugSrNI3ppRTAMBfcl6jICx0r1/DUJAJ/VlMr6odfIFt+hOgS0plyulMvYWyoIU0Bz1Tv7T70YkEVQawkHrtufGJkhBGUY4Hef8RNMYyBD6tG2pBEF1kE6vHuMTq3RxL1K2pMFT9edECkLrkQhtpwAz0H+9ifif105M7zxImYwTQyWZLeolHJsITyLAXaYoMXxkCRDF7K2YDEABMTaonA1h6eVl0iwVPa/o3VQK1ct5HFl0hI7RKfLQGaqiGqqjBiJIoSf0gl6dR+fZeXPeZ60ZZz5ziH7B+fgGZ9eScQ==</latexit> �
⌫
=

H
<latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit><latexit sha1_base64="WuyKyDAEwJ5Ubz702XZ+TLB2gvw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GjK2te1CKLqwywr2AZ1aMmlaQ5PMkGSUMvQ/3LhQxK3/4s6/MX0IKnrgwuGce7n3niDiTBuEPpzU0vLK6lp6PbOxubW9k93da+owVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjC6mfuuOKs1CeW3GEe0KPJRswAg2VrrxL7EQuJf4Mp6c1XrZHHIrhXyxVIbIzaNiPl+xBHmVIjqFnotmyIEF6r3su98PSSyoNIRjrTseikw3wcowwukk48eaRpiM8JB2LJVYUN1NZldP4JFV+nAQKlvSwJn6fSLBQuuxCGynwOZW//am4l9eJzaDcjdhMooNlWS+aBBzaEI4jQD2maLE8LElmChmb4XkFitMjA0qY0P4+hT+T5onrue53lUhVz1fxJEGB+AQHAMPlEAV1EAdNAABCjyAJ/Ds3DuPzovzOm9NOYuZffADztsnxOiSsQ==</latexit>

km/s/Mpc ⇡ (103 Gyrs)�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

including redshift change from Nu to daughter radiation
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neutrino decay =>  larger density perturbation

                                   than the stable Nu case



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

lif
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0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>

Current Large Scale Structure  &  Planck 2015

Planck 2015+BAO 
(+SDSS+KiDS)blue

(see the original plots in 1909.05275)



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

lif
et
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 b
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ea
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0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>

~ Katrin 
KamLAND

sensitivity from other 
 lab experiments 

Planck 2015+BAO 
(+SDSS+KiDS)blue

Current Large Scale Structure  &  Planck 2015
(see the original plots in 1909.05275)

Cosmic-Nu Telescope?



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>
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0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>
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m
⌫ =

60meV

<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

stable neutrino
�⌫ = 1.5⇥ 103 km/s/Mpc

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

m⌫ = 80meV
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
⌫
=

H
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

a mass/lifetime degeneracy

Current Large Scale Structure  &  Planck 2015

Planck 2015+BAO 
(+SDSS+KiDS)blue

(see the original plots in 1909.05275)



CMBneutrino free streaming
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Current Large Scale Structure  &  Planck 2015



• set independent constraints on mass / lifetime? 

• make mass / lifetime measurements?

This is not satisfying…
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Break lifetime/mass degeneracy
by higher redshift measurements

m
⌫ =

60meV

<latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit><latexit sha1_base64="mb27FCgjf5+odz+kHhmg0zz/sWQ=">AAAB/nicbVDLSgNBEOyNrxhfq+LJy2AQPEjYFVEvQtCLxwjmAdklzE4myZCZ2WVmVgjLgr/ixYMiXv0Ob/6Nk8dBEwsaiqpuuruihDNtPO/bKSwtr6yuFddLG5tb2zvu7l5Dx6kitE5iHqtWhDXlTNK6YYbTVqIoFhGnzWh4O/abj1RpFssHM0poKHBfsh4j2Fip4x6IThbINL++8ILTLFACCdrIO27Zq3gToEXiz0gZZqh13K+gG5NUUGkIx1q3fS8xYYaVYYTTvBSkmiaYDHGfti2VWFAdZpPzc3RslS7qxcqWNGii/p7IsNB6JCLbKbAZ6HlvLP7ntVPTuwozJpPUUEmmi3opRyZG4yxQlylKDB9Zgoli9lZEBlhhYmxiJRuCP//yImmcVXy/4t+fl6s3sziKcAhHcAI+XEIV7qAGdSCQwTO8wpvz5Lw4787HtLXgzGb24Q+czx93NpUn</latexit>

stable neutrino
�⌫ = 1.5⇥ 103 km/s/Mpc

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

m⌫ = 80meV
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
⌫
=

H
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

k = 0.1hMpc�1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

use the observation  
at higher redshift 

e.g., Euclid (~2021) 
0.4 ~<  z  ~< 2



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>
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0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

105
<latexit sha1_base64="ojG5hiBG6O6Jghjvo3D4zIg+KZM=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Ae0sWy2k3bp7ibsboQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZF8SCG+u6H05haXllda24XtrY3NreKe/utUyUaIZNFolIdwJqUHCFTcutwE6skcpAYDsYX+V++x614ZG6tZMYfUmHioecUZtLnnt31i9XvKo7A/mbVGCBRr/83htELJGoLBPUmK7nxtZPqbacCZyWeonBmLIxHWI3o4pKNH46u3VKjjJlQMJIZ6UsmalfJ1IqjZnIIOuU1I7MTy8Xf/O6iQ0v/JSrOLGo2HxRmAhiI5I/TgZcI7NikhHKNM9uJWxENWU2i6f0vxBaJ1XvtOre1Cr1y0UcRTiAQzgGD86hDtfQgCYwGMEDPMGzI51H58V5nbcWnMXMPnyD8/YJF1mNmw==</latexit>

0.25
<latexit sha1_base64="Q8nFAk6QHNfzTtmhnkdJtGJOSPo=">AAAB63icjVBNS8NAEJ34WetX1aOXxSJ4CklV9Fj04rGC/YA2lM120i7d3YTdjVBC/4IXD4p49Q9589+YtD2oKPhg4PHeDDPzwkRwYz3vw1laXlldWy9tlDe3tnd2K3v7LROnmmGTxSLWnZAaFFxh03IrsJNopDIU2A7H14XfvkdteKzu7CTBQNKh4hFn1BaS59bO+5Wq73ozkL9JFRZo9CvvvUHMUonKMkGN6fpeYoOMasuZwGm5lxpMKBvTIXZzqqhEE2SzW6fkOFcGJIp1XsqSmfp1IqPSmIkM805J7cj89ArxN6+b2ugyyLhKUouKzRdFqSA2JsXjZMA1MismOaFM8/xWwkZUU2bzeMr/C6FVc/1T17s9q9avFnGU4BCO4AR8uIA63EADmsBgBA/wBM+OdB6dF+d13rrkLGYO4Buct0/P241s</latexit>

0.28
<latexit sha1_base64="H9LOqnmuKF7CoevBt9ec0D4JdkQ=">AAAB63icjVBNS8NAEJ34WetX1aOXxSJ4CkkV7LHoxWMF+wFtKJvtpF26uwm7G6GE/gUvHhTx6h/y5r8xaXtQUfDBwOO9GWbmhYngxnreh7Oyura+sVnaKm/v7O7tVw4O2yZONcMWi0WsuyE1KLjCluVWYDfRSGUosBNOrgu/c4/a8Fjd2WmCgaQjxSPOqC0kz63VB5Wq73pzkL9JFZZoDirv/WHMUonKMkGN6fleYoOMasuZwFm5nxpMKJvQEfZyqqhEE2TzW2fkNFeGJIp1XsqSufp1IqPSmKkM805J7dj89ArxN6+X2qgeZFwlqUXFFouiVBAbk+JxMuQamRXTnFCmeX4rYWOqKbN5POX/hdCuuf65691eVBtXyzhKcAwncAY+XEIDbqAJLWAwhgd4gmdHOo/Oi/O6aF1xljNH8A3O2yfUZ41v</latexit>

0.22
<latexit sha1_base64="d7UEZLAlpB9Ta43ZfGsUKVZFkHM=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyaCG+t5H05pZXVtfaO8Wdna3tndq+4ftE2caoYtFotYd0NqUHCFLcutwG6ikcpQYCecXBd+5x614bG6s9MEA0lHikecUVtInluvD6o13/XmIH+TGizRHFTf+8OYpRKVZYIa0/O9xAYZ1ZYzgbNKPzWYUDahI+zlVFGJJsjmt87ISa4MSRTrvJQlc/XrREalMVMZ5p2S2rH56RXib14vtdFlkHGVpBYVWyyKUkFsTIrHyZBrZFZMc0KZ5vmthI2ppszm8VT+F0K77vpnrnd7XmtcLeMowxEcwyn4cAENuIEmtIDBGB7gCZ4d6Tw6L87rorXkLGcO4Ruct0/LT41p</latexit>

future (Euclid, CMB-S4)

Chacko, Dev, Du, Poulin, YT (in preparation, preliminary)

X
m⌫ (eV)

<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

assume stable 
neutrinos

Constrain neutrino mass & lifetime

Planck 2015+BAO 
(+SDSS+KiDS)blue



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

lif
et

im
e 

in
 b

illi
on

 y
ea

rs

0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

105
<latexit sha1_base64="ojG5hiBG6O6Jghjvo3D4zIg+KZM=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Ae0sWy2k3bp7ibsboQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZF8SCG+u6H05haXllda24XtrY3NreKe/utUyUaIZNFolIdwJqUHCFTcutwE6skcpAYDsYX+V++x614ZG6tZMYfUmHioecUZtLnnt31i9XvKo7A/mbVGCBRr/83htELJGoLBPUmK7nxtZPqbacCZyWeonBmLIxHWI3o4pKNH46u3VKjjJlQMJIZ6UsmalfJ1IqjZnIIOuU1I7MTy8Xf/O6iQ0v/JSrOLGo2HxRmAhiI5I/TgZcI7NikhHKNM9uJWxENWU2i6f0vxBaJ1XvtOre1Cr1y0UcRTiAQzgGD86hDtfQgCYwGMEDPMGzI51H58V5nbcWnMXMPnyD8/YJF1mNmw==</latexit>

future (Euclid, CMB-S4)

X
m⌫ (eV)

<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

0.06
<latexit sha1_base64="ZAK6LaGJA56Eon45Gz/4HeUR6W8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0hU1GPRi8cK9gPaUDbbSbt0dxN2N0IJ/QtePCji1T/kzX9j0vagouCDgcd7M8zMCxPBjfW8D6e0tLyyulZer2xsbm3vVHf3WiZONcMmi0WsOyE1KLjCpuVWYCfRSGUosB2Orwu/fY/a8Fjd2UmCgaRDxSPOqC0kz/XO+9Wa73ozkL9JDRZo9KvvvUHMUonKMkGN6fpeYoOMasuZwGmllxpMKBvTIXZzqqhEE2SzW6fkKFcGJIp1XsqSmfp1IqPSmIkM805J7cj89ArxN6+b2ugyyLhKUouKzRdFqSA2JsXjZMA1MismOaFM8/xWwkZUU2bzeCr/C6F14vqnrnd7VqtfLeIowwEcwjH4cAF1uIEGNIHBCB7gCZ4d6Tw6L87rvLXkLGb24Ruct0/OVY1r</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

0.02
<latexit sha1_base64="y9MB2dD9SkLSYFUO2v1CUMMAt3M=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0iqoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyaCG+t5H05pZXVtfaO8Wdna3tndq+4ftE2caoYtFotYd0NqUHCFLcutwG6ikcpQYCecXBd+5x614bG6s9MEA0lHikecUVtInuvVB9Wa73pzkL9JDZZoDqrv/WHMUonKMkGN6fleYoOMasuZwFmlnxpMKJvQEfZyqqhEE2TzW2fkJFeGJIp1XsqSufp1IqPSmKkM805J7dj89ArxN6+X2ugyyLhKUouKLRZFqSA2JsXjZMg1MiumOaFM8/xWwsZUU2bzeCr/C6Fdd/0z17s9rzWulnGU4QiO4RR8uIAG3EATWsBgDA/wBM+OdB6dF+d10VpyljOH8A3O2yfIRY1n</latexit>

Constrain neutrino mass & lifetime

Chacko, Dev, Du, Poulin, YT (in preparation, preliminary)

Planck 2015+BAO 
(+SDSS+KiDS)blue

assume stable 
neutrinos



existing data

0
<latexit sha1_base64="ZE0M/Y2xoK2LyRoAw3sDWcUQ4Os=">AAAB6HicjVDLSgNBEOzxGeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uMJXCWM/7IEvLK6tr64WN4ubW9s5uaW+/aZJMc2zwRCa6HTKDUihsWGEltlONLA4ltsLR9dRv3aM2IlG3dpxiELOBEpHgzDqp7vVKZb/izUD/JmVYoNYrvXf7Cc9iVJZLZkzH91Ib5ExbwSVOit3MYMr4iA2w46hiMZognx06ocdO6dMo0a6UpTP160TOYmPGceg6Y2aH5qc3FX/zOpmNLoNcqDSzqPh8UZRJahM6/Zr2hUZu5dgRxrVwt1I+ZJpx67Ip/i+E5mnFP6t49fNy9WoRRwEO4QhOwIcLqMIN1KABHBAe4AmeyR15JC/kdd66RBYzB/AN5O0TfiiMuQ==</latexit> X

m⌫ (eV)
<latexit sha1_base64="nOszhk1aOMRITewRtHEBw94zvMQ=">AAACAXicjVDLSsNAFJ3UV62vqBvBzWARKkhJVNBl0Y3LCrYVmhAm00k7dGYS5iGUEDf+ihsXirj1L9z5N04fCxUFD1w4nHMv994TZ4wq7XkfTmlufmFxqbxcWVldW99wN7faKjUSkxZOWSpvYqQIo4K0NNWM3GSSIB4z0omHF2O/c0ukoqm41qOMhBz1BU0oRtpKkbsTKMMhj/JAmCI4rOWB5JC0i4PIrfp1bwL4N6mCGZqR+x70Umw4ERozpFTX9zId5khqihkpKoFRJEN4iPqka6lAnKgwn3xQwH2r9GCSSltCw4n6dSJHXKkRj20nR3qgfnpj8Teva3RyFuZUZEYTgaeLEsOgTuE4DtijkmDNRpYgLKm9FeIBkghrG1rlfyG0j+r+cd27Oqk2zmdxlMEu2AM14INT0ACXoAlaAIM78ACewLNz7zw6L87rtLXkzGa2wTc4b5+lq5Zb</latexit>

lif
et

im
e 

in
 b

illi
on

 y
ea

rs

0.8
<latexit sha1_base64="2AjpLXmKq0Pj2lr8kY0mApFTy5I=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVgDkGvXiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaZSGPS8D6ewsrq2vlHcLG1t7+zulfcPWibJNONNlshEd0JquBSKN1Gg5J1UcxqHkrfD8dXMb99zbUSi7nCS8iCmQyUiwSha6dZza/1yxXe9OcjfpAJLNPrl994gYVnMFTJJjen6XopBTjUKJvm01MsMTykb0yHvWqpozE2Qz0+dkhOrDEiUaFsKyVz9OpHT2JhJHNrOmOLI/PRm4m9eN8OoFuRCpRlyxRaLokwSTMjsbzIQmjOUE0so08LeStiIasrQplP6XwitM9c/d72baqV+uYyjCEdwDKfgwwXU4Roa0AQGQ3iAJ3h2pPPovDivi9aCs5w5hG9w3j4BYyeNMw==</latexit>

Planck 2015+BAO 
(+SDSS+KiDS)blue

0.4
<latexit sha1_base64="sfAtKKIswvggNQlnwVcuggh9EzI=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgadnVQDwGvXiMaB6QLGF20psMmZ1dZmaFsOQTvHhQxKtf5M2/cfI4qChY0FBUddPdFaaCa+N5H05hZXVtfaO4Wdra3tndK+8ftHSSKYZNlohEdUKqUXCJTcONwE6qkMahwHY4vpr57XtUmifyzkxSDGI6lDzijBor3XputV+u+K43B/mbVGCJRr/83hskLItRGiao1l3fS02QU2U4Ezgt9TKNKWVjOsSupZLGqIN8fuqUnFhlQKJE2ZKGzNWvEzmNtZ7Eoe2MqRnpn95M/M3rZia6CHIu08ygZItFUSaIScjsbzLgCpkRE0soU9zeStiIKsqMTaf0vxBaZ65/7no31Ur9chlHEY7gGE7BhxrU4Roa0AQGQ3iAJ3h2hPPovDivi9aCs5w5hG9w3j4BXReNLw==</latexit>

10
<latexit sha1_base64="v2cfRXTRaAlHJafemB/AwEmnhKE=">AAAB6XicjVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF49RzAOSJcxOepMhszPLzKwQlvyBFw+KePWPvPk3Th4HFQULGoqqbrq7olRwY33/wyssLa+srhXXSxubW9s75d29plGZZthgSijdjqhBwSU2LLcC26lGmkQCW9Hoauq37lEbruSdHacYJnQgecwZtU66DfxeuRJU/RnI36QCC9R75fduX7EsQWmZoMZ0Aj+1YU615UzgpNTNDKaUjegAO45KmqAJ89mlE3LklD6JlXYlLZmpXydymhgzTiLXmVA7ND+9qfib18lsfBHmXKaZRcnmi+JMEKvI9G3S5xqZFWNHKNPc3UrYkGrKrAun9L8QmifV4LTq35xVapeLOIpwAIdwDAGcQw2uoQ4NYBDDAzzBszfyHr0X73XeWvAWM/vwDd7bJ+2BjPQ=</latexit>

1
<latexit sha1_base64="0ESgn2y+ygAxjmEXSbthISzwDWk=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jEB84BkCbOT3mTMzOwyMyuEJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+0ySZZthgiUh0O6IGBVfYsNwKbKcaqYwEtqLR9dRv3aM2PFG3dpxiKOlA8Zgzap1UD3qlclDxZyB/kzIsUOuV3rv9hGUSlWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOKqoRBPms0Mn5NgpfRIn2pWyZKZ+ncipNGYsI9cpqR2an95U/M3rZDa+DHOu0syiYvNFcSaITcj0a9LnGpkVY0co09zdStiQasqsy6b4vxCap5XgrOLXz8vVq0UcBTiEIziBAC6gCjdQgwYwQHiAJ3j27rxH78V7nbcueYuZA/gG7+0Tf6yMug==</latexit>

103
<latexit sha1_base64="mxlXvaIIdYBv65cH4j22QjEbWl0=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lsQY9FLx4r2A9oY9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5zCyura+kZxs7S1vbO7V94/aJso0QxbLBKR7gbUoOAKW5Zbgd1YI5WBwE4wucr9zj1qwyN1a6cx+pKOFA85ozaXPPeuNihXvKo7B/mbVGCJ5qD83h9GLJGoLBPUmJ7nxtZPqbacCZyV+onBmLIJHWEvo4pKNH46v3VGTjJlSMJIZ6UsmatfJ1IqjZnKIOuU1I7NTy8Xf/N6iQ0v/JSrOLGo2GJRmAhiI5I/ToZcI7NimhHKNM9uJWxMNWU2i6f0vxDaZ1WvVnVv6pXG5TKOIhzBMZyCB+fQgGtoQgsYjOEBnuDZkc6j8+K8LloLznLmEL7BefsEFFGNmQ==</latexit>

0.01
<latexit sha1_base64="h1fyO8ckmHu9ZIT9MZ661QpXbM8=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0i0oMeiF48V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyZSWPS8D6e0srq2vlHerGxt7+zuVfcP2jZODeMtFsvYdENquRSat1Cg5N3EcKpCyTvh5LrwO/fcWBHrO5wmPFB0pEUkGMVC8lzPH1RrvuvNQf4mNViiOai+94cxSxXXyCS1tud7CQYZNSiY5LNKP7U8oWxCR7yXU00Vt0E2v3VGTnJlSKLY5KWRzNWvExlV1k5VmHcqimP70yvE37xeitFlkAmdpMg1WyyKUkkwJsXjZCgMZyinOaHMiPxWwsbUUIZ5PJX/hdA+c/1z17ut1xpXyzjKcATHcAo+XEADbqAJLWAwhgd4gmdHOY/Oi/O6aC05y5lD+Abn7RPGwY1m</latexit>

0.1
<latexit sha1_base64="9/Jef2db8T8UC+ikzuFbrQYeomU=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0hU0GPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x0/agouCDgcd7M8zMC1PBtfG8D6e0tLyyulZer2xsbm3vVHf3WjrJFMMmS0SiOiHVKLjEpuFGYCdVSONQYDscXxV++x6V5om8M5MUg5gOJY84o8ZKt57r96s13/VmIH+TGizQ6Fffe4OEZTFKwwTVuut7qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPTp2SI6sMSJQoW9KQmfp1Iqex1pM4tJ0xNSP90yvE37xuZqKLIOcyzQxKNl8UZYKYhBR/kwFXyIyYWEKZ4vZWwkZUUWZsOpX/hdA6cf1T17s5q9UvF3GU4QAO4Rh8OIc6XEMDmsBgCA/wBM+OcB6dF+d13lpyFjP78A3O2ydYi40s</latexit>

1�
<latexit sha1_base64="A7fb1MCUXf9siycetzkKRQbOIh4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48RzAOSJfROZpMhM7PLzKwQQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSgU31ve/vcLa+sbmVnG7tLO7t39QPjxqmiTTlDVoIhLdjtAwwRVrWG4Fa6eaoYwEa0Wju5nfemLa8EQ92nHKQokDxWNO0TqpFXQNH0jslSt+1Z+DrJIgJxXIUe+Vv7r9hGaSKUsFGtMJ/NSGE9SWU8GmpW5mWIp0hAPWcVShZCaczM+dkjOn9EmcaFfKkrn6e2KC0pixjFynRDs0y95M/M/rZDa+CSdcpZllii4WxZkgNiGz30mfa0atGDuCVHN3K6FD1EitS6jkQgiWX14lzYtqcFn1H64qtds8jiKcwCmcQwDXUIN7qEMDKIzgGV7hzUu9F+/d+1i0Frx85hj+wPv8AQ1wj2A=</latexit>

2�
<latexit sha1_base64="cS2LdDRvsN1gFSn7a22rMP2tqlU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCb2TSTJkZnaZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx3cxvPTFteKwe7SRhocSh4gNO0TqpVe0aPpTYK5X9ij8HWSVBTsqQo94rfXX7MU0lU5YKNKYT+IkNM9SWU8GmxW5qWIJ0jEPWcVShZCbM5udOyblT+mQQa1fKkrn6eyJDacxERq5Toh2ZZW8m/ud1Uju4CTOuktQyRReLBqkgNiaz30mfa0atmDiCVHN3K6Ej1EitS6joQgiWX14lzWoluKz4D1fl2m0eRwFO4QwuIIBrqME91KEBFMbwDK/w5iXei/fufSxa17x85gT+wPv8AQ76j2E=</latexit>
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future (Euclid)

Measure neutrino mass & lifetime

Chacko, Dev, Du, Poulin, YT (in preparation, preliminary)



Conclusion

New physics that interacts very weakly to visible particles, 
or only has invisible decays 

may be studied using precision cosmological data

Near future Large Scale Structure and CMB lensing 
measurements can constrain or even measure 

neutrino lifetime that has a cosmological time scale



Backup



Example: Nu decay in a Majoron model
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An explanation of the small neutrino mass

↵, � = e, µ, ⌧
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also see the example in 1909.05275 



~ primordial 
fluctuation
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~ primordial 
fluctuation
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matter falls into deeper 
gravitational well
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We don’t quite know the physical time of structure formation,
but we know it mainly begins at matter-radiation equilibrium  

and the physical time depends on energy density
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Larger total energy, shorter physical time for 
structure formation 
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``fluffy” matter reduces structure
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shortens the physical time 
for structure formation, but

doesn’t help to form structure



Expected sensitivity of Euclid experiment

Euclid (launch 2021) 
0.45 ~<  z  ~< 2.05

Sprenger, Archidiacono, Clesse, Lesgourgues (2018)



CMB measurement:  lensing of CMB photon
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